This article provides a guide to source material for practitioners interested in applying decision analysis methods. Specifically, applications of decision analysis are surveyed that were published from 1990 through 1999 in major English language operations research journals and other closely related journals. In addition, references are presented for recently developed useful decision analysis methods that are not yet included in many introductory textbooks. As used in this article, decision analysis refers to a set of quantitative methods for analyzing decisions that use expected utility as the criterion for identifying the preferred alternative. The paper classifies the applications into six main areas (with sub-areas in parentheses): energy (bidding and pricing, environmental risk, product and project selection, strategy, technology choice, and miscellaneous), manufacturing and services (finance, product planning, R&D project selection, strategy, and miscellaneous), medical, military, public policy, and general. A list is also included of application articles that present significant details about methodological and implementation issues, which are classified into the areas of strategy and/or objectives generation, problem structuring/formulation, probability assessment, utility/value assessment, sensitivity analysis, communication/facilitation, group issues, and implementation. 
Decision Analysis Applications in the Operations Research Literature,

1990−1999
This article surveys applications of decision analysis that appeared in major English language operations research journals and other closely related journals from 1990 through 1999. This is an update to the survey of decision analysis applications from 1970 through 1989 that appeared in Corner and Kirkwood (1991) , and it follows a similar format to that earlier article.
Specifically, the published applications are classified by application area, and also by methodological or implementation issue. In addition, a number of references are included for articles and books that present expository information that is particularly useful for applying decision analysis.
The purpose of this article is to provide a guide to recent relevant source material for operations research practitioners facing a situation where decision analysis might potentially be useful. Decision analysis provides tools for quantitatively analyzing decisions with uncertainty and/or multiple conflicting objectives, and these tools can be especially useful when there is limited directly relevant data so that expert judgment plays a significant role in the decision making process. Corner and Kirkwood (1991) provide a detailed discussion of situations where decision analysis can be especially useful.
Section 1 defines decision analysis and provides references to further information on decision analysis methods. Section 2 surveys 57 decision analysis application articles by application area, while Section 3 lists those application articles that emphasize specific methodological and implementation issues. Table I lists application articles by application area,   while Table II lists the application articles that emphasize methodological and/or implementation issue by the specific issue that is considered.
DECISION ANALYSIS
As used in this article, the term decision analysis refers to a set of quantitative methods for analyzing decisions based on the axioms of consistent choice (Clemen 1996, Chapter 14; Kirkwood 1992, Section 9.9 ). Decision analysis is normative, rather than descriptive. That is, it provides a systematic quantitative approach to making better decisions, rather than a description of how unaided decisions are made. Recent decision analysis textbooks include Bell and Schleifer (1995) , Clemen (1996) , Golub (1997) , Marshall and Oliver (1995) , McNamee and Celona (1990) , and Skinner (1999) . Kirkwood (1992 Kirkwood ( , 1999 provides a brief introduction to decision analysis methods, while Hammond et al. (1999) provide a relatively non-quantitative introduction to systematic decision analysis procedures. Kirkwood (1997) reviews methods for analyzing decisions with multiple conflicting objectives, including spreadsheet procedures to implement these methods. Corner and Corner (1995) summarize the characteristics of the decision analysis applications surveyed by Corner and Kirkwood (1991) .
A number of reference publications that are directly relevant for decision analysis practice which appeared during the 1970s and 1980s are listed by Corner and Kirkwood (1991) .
During the 1990s, additional relevant references appeared. discusses the role of values in decision making, and Keeney and McDaniels (1992) illustrate the application of this type of value-focused thinking. Edwards (1992) reviews both theory and applications issues associated with using expected utility analysis.
Several recent publications focus on specific procedures for conducting decision analysis applications work. Bodily and Allen (1999) review a dialogue process to manage the interaction between decision analysts and other stakeholders in a decision. Matheson and Matheson (1999) discuss the use of an outside-in approach to take better account of a company's external environment during strategic decision analysis. Brown (1992) and Howard (1992) present differing philosophical views about the relationship between decision analysis and other decision-oriented methods, such as fuzzy logic and the analytic hierarchy process.
During the 1990s, some decision analysis methods moved from the research stage to applications or became more widely recognized. Hazen et al. (1998) review stochastic tree analysis methods, which allow the explicit depiction of temporal uncertainty while still employing the familiar rollback procedure for decision trees. Options-oriented methods have received increasing attention. discuss a method using both options-pricing techniques and decision analysis tools in research and development planning. Smith and McCardle (1999) provide a tutorial introduction to option pricing methods and their potential integration with decision analysis methods, with a focus on evaluating oil and gas investments.. Work also continued during the 1990s on well-established decision analysis methods to better understand their characteristics and to make them applicable to a broader range of decisions. Shephard and Kirkwood (1994) provide an annotated transcript of a probability elicitation interview that illustrates standard procedures for eliciting probabilities, and illustrate practical issues in probability assessment. Oliver and Smith (1990) provide material on influence diagrams, a decision analysis structuring method that has become more widely used during the 1990s. Keefer (1994) discusses the use of three-point approximations to simplify calculations for continuous probability distributions when attitude toward risk taking is important in a decision, and Poland (1999) reviews an approximate probabilistic analysis procedure that has been successfully applied to reduce the assessment and computational complexity of decision analyses that require consideration of many uncertainties. Borcherding et al. (1991) provide an empirical comparison of different methods for assessing weights for multiattribute utility functions.
Specific quantitative decision analysis frameworks were published during the 1990s for addressing general categories of decisions. shows such a framework for addressing resource allocation decisions with risk aversion and probabilistic dependence. Magat et al. (1996) review a general approach for establishing a death-equivalent metric for valuing long-term health effects. Matheson and Matheson (1998) discuss a framework for applying decision analysis methods to research and development strategy. Noonan and Vidich (1992) present a decision analysis framework for utilizing hazardous waste site assessment in real estate acquisition.
During the 1990s, increasingly powerful personal computer decision analysis software has been developed. Standalone software packages using decision trees and/or influence diagrams include DATA, DPL, and Supertree. Spreadsheet decision analysis add-ins include Precision Tree and TreePlan. The standalone software package Logical Decisions specifically addresses decisions with multiple objectives. Information about these and other software packages, as well as other information about decision analysis, can be obtained from the INFORMS Decision Analysis Society web site, which can be reached through the main INFORMS web site at www.informs.org.
The availability of powerful computing capabilities has allowed broader use of quantitative decision analysis methods in intensive decision making contexts. Quaddus et al. (1992) and Vári and Vecsenyi (1992) discuss such decision conferencing approaches.
SURVEY OF DECISION ANALYSIS APPLICATIONS
The following journals were exhaustively reviewed from 1990 through 1999 to determine decision analysis application articles (the numbers in parentheses are the number of application articles identified in each journal). The term "article" in the rest of this paper refers to a journal publication with identified authors. Note that two of the reviewed articles actually appeared in a single journal publication (a "Practice Abstracts" column of Interfaces), but we include them as two "articles" for the purposes of this review since different authors are identified for each of these.
• Decision Sciences (1)
• European Journal of Operational Research (0)
• IEEE Transactions on Systems, Man, and Cybernetics (1)
• Interfaces (31)
• Journal of Multi-Criteria Decision Analysis (4)
• Journal of the Operational Research Society (1)
A total of 57 application articles were found in the twelve journals listed above, and these articles are summarized in this review. This set of journals is the same as the set covered by Corner and Kirkwood (1991) , except that two new relevant journals, the Journal of Multi-Criteria Decision Analysis and Military Operations Research, started publishing during the 1990s, and so these have been included in our survey of recent decision analysis applications.
Each article is classified into exactly one of the following applications areas and subareas, although some articles could also appropriately be classified into other areas/subareas.
The area/subarea was selected for a particular article that, on balance, is most emphasized in the article.
• Energy As Corner and Kirkwood (1991) comment, there is some subjectivity in deciding whether a particular application is actually decision analysis. To be included in this survey, an application generally had to explicitly analyze alternatives for a decision problem using judgmental probabilities and/or subjectively assessed utility/value functions. Ambiguous cases were resolved by including the article if, on balance, it took a decision analysis approach. There is also some subjectivity in deciding whether an article reports an application. Many of the surveyed articles report case histories of the use of decision analysis to address a specific decision problem. Other articles report on analysis performed to provide background for policy making. In a few cases, there is no application but the material is of direct interest for applications.
The application areas are considered in alphabetical order with the exception that the General category is discussed last. Under each application area, the subareas are discussed in alphabetical order with the exception that the Miscellaneous subarea is discussed last for areas containing this subarea. Within each subarea, articles are considered in alphabetical order by the authors' last names, with the exception of articles addressing the same application, which are grouped together. The articles are listed by application area/subarea in Table I .
Energy
Energy applications are classified into bidding and pricing, environmental risk, product and project selection, strategy, technology choice, and miscellaneous.
Bidding and Pricing. uses three-point discrete-distribution approximations in conjunction with probability trees to help find the worth from a potential buyer's viewpoint of a refinery that a major oil company had shut down. A conventional economic analysis had proven inconclusive due to the large uncertainties involved. The tree-based approach accommodates the uncertainties, including substantial probabilistic dependence, and displays the judgmentally assessed probabilities explicitly. The results reinforced the position of those in management who wanted to retain the refinery until a substantial offer was made, and this school of thought prevailed. Keefer et al. (1991) report the development and use of a modeling system to aid Gulf Oil Corporation in allocating bidding capital among blocks at U. S. offshore oil and gas lease sales.
This system synthesized methods from decision analysis, nonlinear optimization, and statistics, and evolved substantially with the bidding environment during four years of use when Gulf's bids exceeded $1.5 billion. The paper discusses both modeling and implementation issues and emphasizes the impact on the organization, including how the model helped to focus attention on appropriate objectives, to provide insights on strategic issues such as the merits of partnership bidding, and to stimulate improvements in the quality of the basic data provided to management. Kidd and Prabhu (1990) present a multiattribute utility model to help a major firm engaged in the construction of power generation and distribution facilities screen bidding opportunities quickly. The model is particularly geared to help the firm's overseas representatives make bid/no-bid decisions in a manner consistent with corporate policies and values without incurring delays from referring the decisions to corporate headquarters. The paper includes a detailed discussion of formal utility assessment methods in this context. The model presented is a scaled-down, disguised version of the actual model developed for the construction firm.
Environmental Risk. Balson et al. (1992) provide an overview of the use of decision and risk analysis methods in analyzing and managing health, environmental, and economic risks from operations in the electric utility industry. They describe the nature and complexity of the risks facing this industry along with the use of appropriate tools from decision analysis and from related areas such as resource economics and cost-benefit analysis. They also include brief descriptions of three specific applications from their consulting practice. French (1996) reports on efforts to use multiattribute value analysis and decision conferencing to aid in responding to nuclear accidents. He presents a multiattribute value hierarchy that was structured in a series of decision conferences held as part of the International Chernobyl Project and illustrates its use. He also describes development of a decision support system to aid in choosing short and medium-term countermeasures, which occurred as part of the RODOS project, a European initiative to build a decision support system for emergency response. Finally, he discusses use of decision analysis methods for decisions related to longterm countermeasures and for situations when there is risk of an imminent accident.
Product and Project Selection. Borison (1995) describes a decision analysis to help Oglethorpe Power Corporation, a generation and transmission cooperative that provides wholesale power in Georgia, decide whether or not, and if so how, to add an additional transmission line linking with Florida Power Corporation. This multi-step decision analysis utilized influence diagrams, large decision trees (nearly 8000 paths), sensitivity analyses, judgmental probabilities, and decision analysis software within a two week period. The results helped persuade Oglethorpe to shift from a joint venture strategy with Georgia Power to an independent strategy of direct negotiations with Florida Power. Burnett et al. (1993) describe the long-term use of a project appraisal methodology (PAM) within the Gas Research Institute's annual five year research and development planning process and discuss its impact on the U. S. natural gas industry. PAM includes a multiattribute scoring function to calculate expected benefits from research and development projects at multiple levels of funding, where the expectations incorporate judgmental probabilities for technical and commercial successes. Benefit-to-cost ratios are calculated from the expected benefits and the funding increments, and these ratios are used to help allocate the research and development budget. The authors conservatively estimate that long-term benefits from using the PAM approach have been in the tens of billions of dollars. Dyer et al. (1990) describe a decision support system used to help management of a major oil company allocate teams of geologists and geophysicists to oil and gas exploration plays when exploration budgets and manpower are limited. The basic idea is to rank the plays in a consistent fashion based on the value of information to be gained from exploring them. To facilitate the use of the system by non-experts and to avoid direct assessment of probabilities and economic variables that are difficult to assess prior to exploration, they utilize a linearized valueof-information model and estimate the variables needed via a multiattribute model based on attributes (play characteristics) that the explorationists can readily assess. The model was used twice prior to the collapse of oil prices that led to a shift from exploration towards exploitation of existing reserves. Keeney et al. (1995) use multiattribute value assessment and risk analysis to evaluate the potential reliability benefits of constructing an additional high voltage transmission line for British Columbia Hydro and Power Authority (BC Hydro). Additional alternatives related to line construction concerned timing and whether or not to include automatic load-shedding technology. A multiattribute value model is constructed to serve as a cost-equivalent function to measure the benefits of reducing the probability of power failures. A probabilistic model based on company historical data and judgmental assessments is developed to estimate the effects of the alternatives on the probabilities of electrical outages. The probabilistic and value models are integrated to estimate the expected benefits of the alternatives. The impact of this study on BC Hydro's transmission system planning is also discussed. Walls et al. (1995) describe software developed to help an exploration division of Phillips Petroleum Company evaluate and rank exploration projects in a manner consistent with the firm's risk tolerance. The software utilizes decision trees and exponential utility functions in conjunction with conventional exploration economics methods to evaluate and rank exploration projects via certainty equivalents. Evaluations at multiple levels (percentages) of participation help identify the best level for the company, and the rankings help in allocating a limited budget among competing projects. The software is used by a number of integrated and independent petroleum exploration firms.
Strategy. Keeney and McDaniels (1992) describe the use of value focused thinking to structure and quantify basic values for British Columbia Hydro and Power Authority (BC Hydro) in the context of strategic planning. They elicit strategic objectives for BC Hydro from three individuals and refine and structure them into a hierarchy. They develop attributes and elicit a multiattribute utility function, and then use it to illustrate value tradeoffs at the strategic level.
The results influenced senior planners at BC Hydro in addressing a variety of strategic issues. Keeney and McDaniels (1999) structure values of multiple stakeholders to help British Columbia Gas (BC Gas) develop an integrated resource plan required by the British Columbia Utilities Commission (BCUC). They elicit values separately from senior executives of BC Gas, members of the BCUC, and representatives of several stakeholder groups, and then structure these into a set of objectives and attributes. These are used to construct an "equivalent-cost" evaluation function, which provides the basis for quantitative evaluation of alternative plans.
Among other impacts, this process and its results played a significant role in the quasi-judicial hearing of the BCUC and evoked interesting reactions from the attorneys involved. Skaf (1999) describes the development and implementation of a portfolio management process and system to help an organization in the upstream oil and gas industry manage a large portfolio of assets in the Gulf of Mexico through exploration, development, and production. The portfolio management system provides analytical support for a variety of decisions including strategic portfolio decisions, lease-sale bidding decisions, drilling decisions, development configuration and timing decisions, and resource-requirements (staff, equipment, and capital) decisions. The system builds on a rigorous model of the asset life cycle and the key decisions therein, and utilizes a variety of decision analysis tools and concepts. This application has had significant impact on the client organization, and its value-added is in the hundreds of millions of dollars.
Technology Choice. Dyer et al. (1998) describe a multiattribute utility analysis of alternatives to dispose of surplus weapons-grade plutonium for the U. S. Department of Energy (DOE).
They construct a hierarchy of objectives and a multiattribute utility function which they use to evaluate thirteen alternatives, conduct sensitivity analyses, and quantify the benefits of deploying multiple technologies simultaneously. Results were presented to DOE on several occasions. This analysis supported the final DOE recommendation to develop two of the most preferred strategies in parallel. Jackson et al. (1999) The study identified huge potential savings at Fernald, and the U. S. Department of Energy plans to extend this work and apply it more broadly. (1995) use a multiattribute utility function in an approach to improving control of the monthly operation of a large hydropower reservoir system.
Miscellaneous. Rios Insua and Salewicz
The problem involves major uncertainties in the reservoir inflows, multiple competing objectives, and time variation of parameters affecting the operational conditions and tasks. They use dynamic linear models to forecast reservoir inflows, and, due to computational complexity, a heuristic method to find a feasible control strategy. They demonstrate this approach using realistic data and extensive sensitivity analyses for the Lake Kariba system in Africa. Taha and Wolf (1996) use probability trees and a utility function in the form of a "deficiency statistic" to help Entergy Electric System schedule maintenance outages for generators to improve system reliability in meeting customer demands. They develop discrete probability distributions as approximations to historical data, and use these in conjunction with forecasts and judgmental probabilities as data in the trees. The resulting software tool has been used for several years to help the outage planner identify high-risk weeks and to develop timely maintenance schedules in response to short-notice requests for changes.
Manufacturing and Services
Manufacturing and services applications are classified into finance, product planning, R&D project selection, strategy, and miscellaneous.
Finance. Engemann and Miller (1992) describe a major international bank's use of decision analysis as a framework for making cost-effective risk management decisions. They develop and extensively apply a risk management methodology that uses tools such as decision trees, judgmental probabilities, and simulation to analyze operational risks in probabilistic fashion.
The bank utilized this methodology in implementing an ongoing corporate-wide contingency planning program for all their operation's services that remained an industry leader for ten years.
The paper includes brief discussions of several specific risk management projects. Mulvey (1994) Product Planning. Dillon and Haimes (1996) propose a methodology for structuring and analyzing a variety of network and product decision problems in the telecommunications industry using multiobjective decision trees. They do not follow the conventional practice of discretizing continuous distributions and developing a multiattribute utility function to use in rolling back the decision tree. Instead, they partition continuous distributions and calculate conditional expected values for the partitions to focus on the risks of extreme events and use Monte Carlo simulation to generate Pareto optimal alternatives for various scenarios considered. Millet (1994) describes the use of a simple decision tree and an accompanying sensitivity analysis to help convince management of a large logistics operation to waive mandatory annual exhaustive inventory counts in warehouses where sample counts showed high accuracies. Doing so proved to be a very effective incentive for warehouse personnel to begin maintaining accurate inventory records, and the accuracies of inventory reports improved markedly. Bruggink (1997) describes the use of decision analysis at Alcoa in evaluating a research and development project to develop a new process step for an aluminum sheet product. This effort utilizes a variety of decision analysis tools including influence diagrams, decision trees, judgmental probabilities, sensitivity analyses, and software. The initial analysis helped focus attention on the critical aspects of the project, and subsequent analyses were used to monitor the project's progress. Hess (1993) briefly describes two applications of decision analysis to research and development planning at ICI Americas that used relatively simple decision trees and sensitivity analyses. The first is an evaluation of a project to accelerate process research and market development for a new application of a chemical, while the second is an evaluation and ranking of fifty-three aerospace new product proposals. These examples highlight the virtues of using simple decision trees to represent the sequential nature of research and development projects. Islei et al. (1991) describe the evolution, as well as the long-term use and impact, of a decision support system (DSS) to aid research and development planning at ICI Pharmaceuticals.
R&D Project Selection.
The system utilizes a hierarchical value structure and a variety of judgmental models to evaluate research and development projects. This DSS has been used to aid in selecting research projects, monitoring portfolios, allocating resources, and terminating projects. It has had a major impact in supporting strategic decision making within the largest research section of ICI Pharmaceuticals, and portions of it have been applied by other ICI departments as well. present methodology for combining options-pricing techniques and decision analysis tools to evaluate research and development projects at Westinghouse Science and Technology Center. They use an options-pricing model to capture a project's value at the commercial stage, including the value of the option to delay or abandon the project due to unfavorable market conditions. They use a decision tree to represent technical success uncertainties and key research and development decision points. Given the assumptions, data requirements are modest. They demonstrated the approach on thirteen embryonic research projects as a pilot test and subsequently applied it to the complete portfolio of research projects at this research center.
Stonebraker et al. (1997) apply decision analysis to help Ford Microelectronics
Incorporated decide whether to continue research and development on a potential new product.
This application illustrates the use of a variety of decision analysis tools and includes a sensitivity analysis where a substantial disagreement over the value of a probability does not affect the basic recommendation.
Strategy. Bodily and Allen (1999) present Strategic Decisions Group's six-step dialogue process for creating, analyzing, choosing, and implementing business strategies. This process integrates concepts and tools from strategy with those from decision analysis and creates structured interactions between a management decision board and a strategy development team.
It has been successfully used in strategy consulting for hundreds of companies. The process is illustrated via a hypothetical pharmaceutical firm that represents a composite of real situations encountered in practice in that industry. reports on the use of value focused thinking to structure objectives for Seagate Software. Interviews to develop objectives were held with numerous key people many of whom came from different recently-acquired companies. This effort helped develop a common vision and sense of values, and also led to developing a list of issues and decision opportunities to address, along with priorities. Seagate followed up on many of the issues and opportunities, and used the identified objectives in developing draft vision and mission statements to help specify the desired future state of the company and how to achieve this state. Krumm and Rolle (1992) review the history of decision analysis at Du Pont, from early failures through more recent successes and large-scale training efforts. In recent years, more than ten major Du Pont businesses have used a decision and risk analysis process to develop, select, and implement broad business strategies. The authors illustrate the use of this process within Du Pont by describing how the decision board and project team for a real, but disguised, Du Pont business framed their problem, conducted assessments and analyses, chose a strategy, and implemented it. They also discuss both tangible and intangible benefits from the process. Matheson and Matheson (1999) describe the benefits of incorporating an "outside-in" perspective in developing effective business strategies. The idea is to work inward from the motivation and forces acting on customers toward their implications for the company, and then to develop appropriate models. They illustrate the application of this approach by describing a strategic decision analysis for a real, but disguised, major video-game-software company. This analysis provided key insights and led to a major shift in the company's basic business strategy. Quaddus et al. (1992) provide a general discussion of decision conferencing and describe an application to strategic planning in a voluntary organization that provides services to people with physical and mental disabilities. Eleven top executives of the organization participated at a specially equipped facility in a two-day decision conference that utilized an objectives hierarchy, a multattribute utility model, sensitivity analysis, and decision analysis software. The decisionconferencing process increased understanding among the participants and produced agreement on the strategic direction to pursue.
Miscellaneous. Chien and Sainfort (1998) consider meals served to nursing home residents as portfolios of food items and develop "top-down" meal-level attributes for evaluating combinations of food items while taking food interactions into account. For example, one attribute is the probability that a combination of foods will have a good overall flavor, and this is calculated using Bayesian decomposition coupled with conditional independence. Using judgments from a nutritionist, the authors utilized these attributes in conjunction with a simple multiattribute value model to pilot test their approach.
Medical
Brown (1997) uses multiattribute utility analysis and decision trees to evaluate vision correction alternatives for highly myopic adults. Using a combination of personal data and data from the literature he evaluates surgical procedures (radial keratotomy and photorefractive keratectomy) as well as non-surgical alternatives involving contact lenses and eyeglasses. He considers the timing of decisions and includes multiple sensitivity analyses. The results helped him make his near-term decision, which was to delay surgery at least temporarily. Feinstein (1990) describes the use of Bayes' rule in conjunction with a decision tree to help the Athletic Board of Governance of Santa Clara University consider a proposal to test athletes for drug use. The model helped focus attention on appropriate values for the relevant probabilities and for the costs of possible errors. Sensitivity analysis showed that the proposed testing was inappropriate over the plausible range of values for problem parameters. The analysis was persuasive: the board recommended that the university not begin drug testing of student athletes, and the president accepted the recommendation. Hazen et al. (1998) provide an introduction to stochastic trees and related tools and their use in medical decision making. Stochastic trees combine features of continuous-time Markov chains with those of decision trees and enable time to be modeled as a continuum where health state transitions can occur at any instant. They can also accommodate patients' preferences regarding risk and quality of life. The authors illustrate how these tools have been applied to analyze the decision to undergo a total hip replacement from the perspectives of an individual patient (via utility analysis) and of society (via cost-effectiveness analysis). Smith and Winkler (1999) use a simple Bayesian model to help assess the probability that a newborn baby who had tested positive for a potentially very serious enzyme deficiency actually has that deficiency. Interpreting the test result was complicated by uncertainty both about the false-positive rate, since this was the first positive result for an experimental test, and about the base rate. The analysis produced a probability that was much smaller than the doctor's initial estimate. The paper interprets this discrepancy in terms of common probability assessment heuristics and discusses the role and value of such diagnostic tests in general. Winkler et al. (1995) apply a formal process for encoding experts' probability judgments relative to the risks of chronic lung injury from long-term ozone exposure. In particular, they elicited probabilities over population response rates from six health experts. Their approach highlights the potential benefits in a complex risk assessment of bringing experts together after an initial round of individual assessments to share information with each other and with the risk assessment team. The results characterize scientific judgments regarding chronic effects of ozone and provide both probabilities and qualitative insights of interest to the scientific community, policymakers, and the general public.
It is worth noting that decision analysis methods are now extensively applied in medical decision making. Much of this work is reported in specialized medical journals, and the interested reader is referred to the journal Medical Decision Making as a starting point for learning more about medical decision analysis applications. Bresnick et al. (1997) describe an analysis initiated by the Joint Requirements Council of the U. S. Joint Chiefs of Staff to develop a process for making reconnaissance force mix decisions. The approach utilizes a multiattribute value function to capture benefits, and system lifecycle costs to represent costs. A cost-benefit analysis using a Pareto-optimal, efficient frontier approach is then used to aid in resource allocation. The approach was implemented via a series of decision conferences that were instrumental in gaining the participation, cooperation, and expertise needed from a diverse set of military and civilian representatives. Buede and Bresnick (1992) discuss applications of decision analysis to military systems acquisition. They define four phases in the acquisition process for major military systems and provide a brief description of an application in each phase. They also briefly describe their longterm successful involvement in helping the U. S. Marine Corps set project priorities to aid in resource allocation within the budgeting process, and they provide a list of other successful applications of decision analysis to military systems acquisition. They have used multiattribute value analysis, resource allocation techniques, and decision conferencing extensively in this work. Burk and Parnell (1997) describe the role of value-focused thinking and analysis in SPACECAST 2020, a large-scale U. S. Air Force study of future system concepts and supporting technologies for military space operations. A value hierarchy was developed based on existing military policy documents, and an additive multiattribute value function was used to evaluate alternative systems concepts. This evaluation phase, including a sensitivity analysis of the weights, was successfully completed on a tight schedule in spite of alternatives that were complex and incompletely defined. The study was widely accepted and was instrumental in the commissioning of the Air Force 2025 study, which is discussed below. Rayno et al. (1997) examine the assumptions of the SPACECAST 2020 value model and conduct a sensitivity analysis that considers modifications in the single-attribute value functions and in the form of the overall multiattribute value function. They conclude that the additive value function is adequate, but recommend modifying the forms of the single-attribute value functions in future work. Davis et al. (1999) Jackson et al. (1997) and Parnell et al. (1998) describe the use of value focused thinking in Air Force 2025, a major U. S. Air Force study to identify key system concepts and technologies for achieving air and space dominance in 2025. This study built upon the methodology of SPACECAST 2020 and involved over 200 military experts for more than a year.
Military
A value hierarchy was developed with the aid of creativity techniques, and an additive value model with 134 attributes was used to score forty-three futuristic systems concepts. Six scenarios describing possible future states of the world were constructed, and a set of valuefunction weights was assessed for each scenario to investigate the sensitivity of system preferences to the scenarios. The study successfully produced a number of system concepts for employing air and space power in the future and identified seven high-leverage technologies needed to support the high-scoring systems. Stafira et al. (1997) present a decision analysis methodology for evaluating dissimilar systems used to support U. S. counterproliferation of weapons of mass destruction. They develop an influence diagram to represent the U. S. counterproliferation decision process and also used a variety of other decision analysis tools including a decision tree, a two-attribute utility function, value of control concepts, and sensitivity analysis. They evaluated nine systems from a U. S. Air Force war game as an illustrative example. Further development and use of this methodology by government agencies was planned. Hall et al. (1992) develop a constrained zero-one optimization model with an exponential value function to assist the U. S. National Cancer Institute with a proposal funding decision. The decision is modeled as a portfolio selection problem where an uncertain budget is to be allocated to various states in the U. S. to fund smoking reduction initiatives. A modified Delphi approach is used to gather preference information for the model, and a parametric analysis incorporating sub-objectives as constraints generates an efficient frontier of candidate portfolio solutions.
Public Policy
These formalized methods were used to reduce the impact of political pressures on the decision makers. Jones et al. (1990) discuss the development and potential use of a model for considering energy policy options in the United Kingdom. The model allows users to select fifteen from a predetermined list of forty-one objectives to value five decision alternatives/scenarios for the year 2010. The model then determines the value profile of each of the alternatives for each of the 15 objectives using an additive value function, and stores these value sets for later consideration. The model and stored value sets acted as a vehicle for communicating the values and preferences of the roughly 250 individuals across more than 100 organizations who are stakeholders in U. K. energy policy-making. Keeney and von Winterfeldt (1994) provide a framework for considering policy options for the disposal of nuclear waste over the next 100 years. A decision analysis model is developed using a linear additive measurable value function. Sensitivity analysis is used to explore the uncertainties that might impact the disposal policy over that long a period of time, including possible technological advances and a cure for cancer from radiation exposure. They further consider various frames for considering the problem as other than a disposal problem.
For instance, the money spent now in disposing the waste could be invested in an endowment fund to be spent 100 years from now to perhaps permanently solve the problem of what to do with nuclear waste. The analysis concludes that the current policy for storing waste in underground repositories is misguided since the assumptions underlying this policy are inappropriate. Keeney et al. (1990) offer a way to incorporate both public values and expert assessments in policy making. Their "public value forum" combines focus groups and direct value elicitation methods. The focus groups are with laypeople, from whom are elicited multiattribute utility functions and tradeoff information over a pre-specified list of objectives. This value information is then combined with assessments regarding possible future scenarios made by experts. The application that is presented involves the consideration of four alternative energy policy scenarios over the next fifty years in the Federal Republic of Germany. Although time consuming and expensive to carry out, this process showed that discrepancies within and between groups and experts can be resolved using the approach, resulting in potentially useful input into policy making.
McDaniels (1995) provides an ex post analysis of a recent decision in fisheries management to show how decision analysis could be employed. The decision was whether or not the opening day for salmon fishing should have been delayed. The analysis showcased the value of incorporating subjective preferences and probabilities when the time frame for decision making is compressed. The analysis showed that delaying the opening a single day would have resulted in the equivalent of $7.9 million in benefits. Taylor et al. (1993) explore the value of additional information when deciding on environmental control strategies for potentially carcinogenic compounds. Quantitative expressions are developed to measure the social costs of chemicals with uncertain cancer potencies, and a value of information analysis is performed to determine the benefit of pursuing improved potency information using animal tests. Since such tests are expensive and generate imperfect information, analytic methods have the potential to aid in the decision to use such tests. A Bayesian analysis shows that the value of this information depends on the anticipated level of human exposure, the prior probability that an untested chemical is a carcinogen, the degree to which test outcomes on animals equate to similar results in humans, and other uncertainties, such as the natural rates of cancer in test animals.
General
Three articles do not fit into the classifications listed above. . Fifty-four objectives (later reduced to fourteen objectives) were considered using a weighted-additive value model to rank-order various merger options as well as remaining as separate organizations. This application mainly demonstrates the process of applying decision analytic techniques to strategy formulation and implementation, rather than the technical details of arriving at an optimal solution using such techniques. Vári and Vecsenyi (1992) discuss several effects and lessons learned from using decision analysis methods during decision conferencing in Hungary. A number of socio-economic and market changes during the 1980's in Hungary led to the use of decision conferencing techniques in organizations seeking ways to adjust to these changes. Twenty-six conferences, involving twenty-three decisions are described. Thirty-nine organizations (manufacturing, service, and government) were involved, dealing with decisions considering tactical problems, organizational strategy, negotiation, and interorganizational issues.
METHODOLOGICAL AND IMPLEMENTATION ISSUES
Many of the application articles surveyed provide significant detail about decision analysis methodological or implementation issues. Specifically, several articles address each of the following issues: strategy and/or objectives generation, problem structuring/formulation, probability assessment, utility/value assessment, sensitivity analysis, communication/facilitation, group issues, and implementation. Table II lists the application articles that provide significant details about each of these issues. Note that most articles deal with nearly all of these categories but have been included in Table II only if they pay particular attention and provide detailed information on the topic.
Application articles are included in the strategy and/or objectives generation category if they discuss overall decision strategy and/or present an objectives or value hierarchy, or discuss the decision structuring process in detail. Articles are included in the problem structuring/formulation category if they describe and present a decision tree and/or influence diagram and discuss its development and use. The probability assessment category includes articles that discuss the solicitation of subjective probabilities, probabilistic dependence or independence, and/or risk assessment. Similarly, articles are listed in the utility assessment category if subjective utility/value functions or tradeoffs between attributes are discussed in depth. Articles are listed in the sensitivity analysis category if tornado or rainbow diagrams are presented and/or statistical or mathematical approaches to model sensitivity analysis are discussed.
The communication/facilitation category includes articles that discuss the role of the analyst, how decision analysis facilitates the decision process, and/or how communication channels are opened due to the use of the approach. Articles are included in the group issues category if there is discussion about aggregating individual preferences into a group function, or at least discussion of the solicitation and treatment of multiple individual inputs into the preference or probability model. Finally, the implementation category includes articles that discuss post-modeling issues related to implementing, or not implementing, chosen alternatives and/or the value of decision analysis techniques to decision making for the individuals and/or organization in their future decision making efforts.
CONCLUDING COMMENTS
This survey provides a guide to decision analysis applications appearing in major English language operations research journals and other closely related journals from 1990 through 1999.
These applications cover a broad range of decisions in both the public and private sectors, and they demonstrate that decision analysis is now a widely-used approach for a variety of strategic and tactical decisions.
Table I
Application Articles Listed by Application Area
